INTRODUCTION
Hepatocellular carcinoma (HCC) is a primary malignancy of the liver and is the third leading cause of cancer deaths worldwide (1) , hence entailing the need to develop effective therapeutic strategies. Baculovirus (BV) is an insect virus that is non-pathogenic to humans, yet BV also efficiently transduces a broad range of mammalian cells, including hepatocytes (2) , HCC cells (3), endothelial cells (4) and stem cells (5) . In transduced cells, BV confers transgene expression as long as the transgene is under the transcriptional control of an appropriate promoter. By delivering anticancer genes (6) (7) (8) (9) (10) , BV is able to potently suppress tumor progression and thus holds promise for cancer gene therapy. Given these properties, we recently developed recombinant BVs to express miRNA (11) or long non-coding RNA (12) to combat HCC. Injection of these recombinant BVs into subcutaneous HCC tumors in mice suppressed the tumor progression. However, these studies used constitutive promoters to drive the transgene expression. In the clinical setting, in vivo administration of BV into patient's liver would inevitably transduce other adjacent normal cells (e.g. hepatocyte or vascular endothelial cells), resulting in leaky anticancer gene expression in normal cells and possible toxicity. Therefore, it is desirable to develop a recombinant BV that can control transgene expression exclusively in the target HCC cells.
Synthetic biology aspires to build functional biological devices to detect physiologically/pathologically relevant input signals so as to regulate output gene expression and cell behavior, using biomolecular components and genetic modules (13) (14) (15) (16) (17) (18) . Today researchers have designed a wide variety of synthetic switches and circuits to operate gene expression control in the transcription, translation and posttranslation levels (19, 20) . Among these devices, trigger-e93 Nucleic Acids Research, 2018, Vol. 46, No. 15 PAGE 2 OF 15 inducible RNA riboswitches composed of a sensor (e.g. aptamer) and an actuator domain have been extensively developed to turn ON/OFF gene expression and can be wired to higher-order synthetic circuits (20) (21) (22) . However, many of these riboswitches require adding an inducing ligand (20, 22, 23) , thus making its in vivo applications in animals and humans more complicated. RNA switches can also be fabricated by appending miRNA complementary sequences at the 3 untranslated region (UTR) of transgene to recognize intracellular miRNA and inhibit transgene expression (24) . These miRNA-based sensing mechanisms have been exploited to turn ON/OFF gene expression for classifying cancer and non-cancer cells (25, 26) .
In addition, archaeal ribosomal protein L7Ae is an RNAbinding protein that binds with high affinity to RNA motif known as kink-turn (K-turn) and represses subsequent RNA translation (for review see (22) ). The interaction of L7Ae:K-turn was first harnessed to construct an OFF switch to repress mRNA translation by inserting K-turn motifs at the 5 UTR of a reporter gene (27) . This translation repression property inspires the leverage of L7Ae:Kturn as a regulatory part for assembling synthetic switch (28) (29) (30) , multi-input logic gate (31) and complex hierarchical synthetic circuits for applications such as cell classifier (32) and biocomputer (33) .
To improve the safety profile of recombinant BV and selectively turn ON transgene expression in target HCC cells but not in normal cells, in this study we exploited the miRNA-based sensor and L7Ae:K-turn system to create a genetic switch, which senses the differential miRNA profiles in HCC and normal cells and responds with different outputs. We started from examining the miRNA expression profiles in HCC and normal cells and identified the 'OncoMiR' (the miRNA highly expressed in HCC cells but poorly expressed in normal cells) and 'NormalMiR' (the miRNA highly expressed in normal cells but poorly expressed in HCC cells). We next assembled a cis-acting genetic switch by coupling the L7Ae:K-turn translation repression system and miRNA sensors, and incorporated the entire genetic device into a single recombinant BV. We next evaluated whether the recombinant BV was able to discriminate HCC/normal cells and exclusively express the reporter gene (EBFP) in HCC cells. We also used the pro-apoptotic gene hBax as the transgene and evaluated whether the resultant BV was able to selectively kill HCC cells but not normal cells, in separate culture and mixed culture of HCC and normal cells.
MATERIALS AND METHODS

Cell culture
Insect cell Sf-9 was cultured using modified Grace's medium (Sigma) supplemented with 10% fetal bovine serum (FBS, Hyclone) at 27
• C. Other mammalian cells were cultured in a 37
• C, 5% CO 2 incubator. HCC cells PLC/PRF/5 (designated as PLC thereafter), HepG2 and Hep3B were cultured using ␣-MEM medium (Gibco) containing 10% FBS. Mahlavu, Huh-7 and HEK293 were cultured in High glucose DMEM medium (Gibco) containing 10% FBS. Human umbilical vascular endothelial cells (HUVEC) were cultured in 1% gelatin-coated flasks using ECM medium (ScienCell Research Laboratories) supplemented with 5% FBS, 1% Penicillin-streptomycin and 1% Endothelial Cell Growth Supplement (ScienCell Research Laboratories).
Construction of recombinant BVs
miRNA sponge is the decoy sequence with miRNA binding sites capable of sequestering miRNAs. pBac-T2-CdE is a vector for BV construction (11) , harboring CMV promoter, destabilized enhanced green fluorescent protein (d2EGFP), WPRE (woodchuck hepatitis virus posttranscriptional regulatory element, for mRNA stabilization) and poly A signal. Ten tandem repeats of miRNA sponge sequences derived from CXCR4 gene (not complementary to any known miRNA, used as scramble control) and 10 repeats of miRNA sponges targeting miR-196a-5p were synthesized (RNAi Core Facility, Academia Sinica, Taiwan) and cloned into pBac-T2-CdE at the 3 UTR of d2EGFP to yield pBac-T2-Scramble and pBac-T2-s196, respectively. Eight tandem repeats of pre-miR-196a sequences were subcloned from pTA-miR196a (34) to pBac-T2-122 (11) at the 5 UTR of d2EGFP to replace the original pre-miR-122 sequences and yielded pBac-T2-m196. The miRNA sponges and pre-miR-196a were driven by the CMV promoter and contained WPRE and poly A signal (PA) at the 3 end.
To construct the synthetic switch, the genes encoding L7Ae, porcine teschovirus-1 2A (P2A) sequence and enhanced yellow fluorescent protein (EYFP) were PCRamplified from pTK095 (Addgene (32)). The L7Ae-P2A-EYFP fragment was cloned into pBac-T2-s196 to remove d2EGFP and placed L7Ae-P2A-EYFP in between CMV promoter and miR-196a sponge to yield pBac-T2-L7Ae-s196. The miR-196 sponge was subsequently removed to yield pL7Ae/EYFP. Meanwhile, two repeats of K-turn (Kt) motif and the DNA sequence encoding enhanced blue fluorescent protein (EBFP) were PCR-amplified from pTK332 (Addgene (32) ) and cloned into TA vector (Invitrogen). The DNA fragment encoding Kt-EBFP was cloned into pBac-T2-CdE to remove d2EGFP and yield pK-turn/EBFP. The entire cassette encoding CMV-Kt-EBFP-WPRE-PA was subcloned into pL7Ae/EYFP to yield pBac-T2-LKE.
To assemble the synthetic switch comprising the miRNA sensor and L7Ae:K-turn, hBax and 2 repeats of K-turn motif were PCR-amplified from hBax-C3-EGFP plasmid (Addgene) and pTK332 (Addgene), respectively, and cloned into TA vector. The gene fragment (Kt-hBax) was subsequently cloned into pBac-T2-CdE to replace d2EGFP and yielded pBac-T2-hBax. Next, 4 tandem repeats of miR-126 complementary sequences (4 × 126) were synthesized (Genescript) and cloned into pBac-T2-hBax at 3 UTR of hBax. The fragment encoding Kt-hBax-4 × 126 was cloned into pBac-T2-L7Ae-s196 to yield pCirSB. Four tandem repeats of miR-196a complementary sequences (4 × 196) were synthesized (Genescript) and cloned into pCirSB to replace the miR-196a sponge and yielded pBac-T2-CirCB. Conversely, 4 tandem repeats of miR-126 complementary sequences were cloned into pK-turn/EBFP at the 3 UTR of EBFP to yield pBac-T2-kt-EBFP-4 × 126. The cassette encoding Kt-EBFP-4 × 126 was cloned into pCirCB to replace Kt-hBax-4 × 126 in pCirCB to yield pBac-T2-CirCE.
PAGE 3 OF 15
Nucleic Acids Research, 2018, Vol. 46, No. 15 e93 pBac-T2-Scramble, pBac-T2-s196, pBac-T2-m196, pBac-T2-LKE, pBac-T2-CirCE and pBac-T2-CirCB plasmids were used to construct the corresponding recombinant BVs Bac-Scramble, Bac-s196, Bac-m196, LKE, CirCE and CirCB as described (11, 35) . The resultant BVs were amplified by infecting Sf-9 cells and the virus titer (pfu/ml) was determined as described (36) .
BV transduction of mammalian cells
The BV transduction was performed as described (35) (36) (37) . Briefly, cells were seeded to 6-well plates, cultured overnight and washed twice with phosphate-buffered saline (PBS, pH 7.4) prior to transduction. Depending on the multiplicity of infection (MOI), a certain volume of BV supernatant was diluted with fresh Grace's medium and then mixed with NaHCO 3 -free culture medium (e.g. DMEM or ␣-MEM) at a volumetric ratio of 1:4. The transduction was initiated by directly adding virus solution to the cells (750 l/well), continued by gentle shaking on a rocking plate at room temperature for 6 h and the virus solution was replaced with fresh culture medium containing 3 mM sodium butyrate. After 18 h of incubation at 37
• C (1 dpt), the cells were collected for analysis.
miRNA analysis by TaqMan
® RT-qPCR and qPCR array
Human hepatocyte RNA and human liver tissue total RNA were purchased from ScienCell Research Laboratories and Clontech, respectively. For PLC, HUVEC and nude mice livers, total RNA was isolated using the Quick-RNA™ MiniPrep kit (Zymo Research). For RT-qPCR miRNA analysis using TaqMan ® microRNA assay, 10 ng of total RNA was reverse transcribed to cDNA using the TaqMan ® microRNA reverse transcription kit (Applied Biosystems) and the StepOnePlus™ thermal cycler (Applied Biosystems) under the following conditions: 30 min at 16
• C, 30 min at 42
• C and 5 min at 85
• C. The resultant cDNA was subjected to quantitative real-time PCR (qPCR) using TaqMan ® Universal Mater Mix II (Applied Biosystems) and StepOnePlus™ with a single enzyme activation cycle of 10 min at 95
• C, followed by 40 cycles of 15 s at 95
• C and 60 s at 60
• C. MiRNA expression levels were determined using the small nuclear RNA (snRNA) RNU6B as the reference gene and normalized to the results of a selected reference sample.
For miRNA array analyses, 0.5 g of total RNA was reverse transcribed to cDNA using the QuantiMir Kit (System Biosciences) under the following conditions: 30 min at 37
• C for polyadenylation; 5 min at 60
• C for anchor dT adaptor annealing; 60 min at 42
• C and 10 min at 95
• C. The cDNA samples were subjected to qPCR on StepOnePlus™ using the Cancer MicroRNA qPCR Array Kit (System Biosciences) which comprises 95 miRNA-specific and U6-specific forward primers in a 96-well plate format and the 3 universal reverse primer. SYBR Green qPCR master mix (Applied Biosystems) was added to a final concentration of 1×. The qPCR was performed under the following conditions: 2 min at 50
• C, 10 min at 95 
mRNA analysis
To analyze the L7Ae mRNA levels, total RNA was extracted using the Quick-RNA™ MiniPrep kit and reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) on StepOnePlus™ under the following conditions: 10 min at 25
• C, 120 min at 37
• C. The subsequent qPCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems) on StepOnePlus™ under the following conditions: a single enzyme activation cycle of 10 min at 95
• C. 18S rRNA was used as the reference gene. qPCR primer sequences were designed as follows: L7Ae forward: AACG AGACGACAAAGGCTGT; L7Ae reverse: AAGGCTTC CAAGCTCCTTTC; 18s forward: AACCCGTTGAACCC CATT; 18s reverse: CCATCCAATCGGTAGTAGCG.
Spheroid formation assay
One day after BV transduction, cells were trypsinized, centrifuged and resuspended to 1 × 10 4 cells/ml in DMEM/F12 containing 10 ng/ml EGF (R&D Systems), 10 ng/ml FGF (R&D Systems) and 1× N2 supplement (Invitrogen). The cell suspension (100 l/well) was added to the Ultra-Low Attachment 96-well plates (Corning) and cultured for 5 days. Spheroid formation was photographed with a microscope (Eclipse Ti2, Nikon) and the spheroid number was quantified using the built-in NIS-Elements software.
Reporter gene expression analysis
The EYFP and EBFP expressions were imaged using the fluorescence microscope (Eclipse Ti2, Nikon). To quantify the percentage of fluorescence-emitting cells and mean fluorescence intensity (arbitrary unit, a.u.), cells were trypsinized and analyzed using a flow cytometer (CytoFLEX, Beckman Coulter). The data were acquired from 10,000 events per sample with the following settings: 405 nm laser and 450/45 bandpass filter for EBFP as well as 488 nm laser and 525/40 nm bandpass filter for EYFP/EGFP. Data were analyzed using the CytoExpert software.
Cell death and apoptosis assays
PLC and HUVEC cells (3 × 10 5 cells/well) were separately seeded to 6-well plates, cultured overnight and mocktransduced or transduced with CirCB. The cell death was evaluated by microscopic observation at 1 dpt, followed by harvesting of all adherent and floating cells for trypan blue staining. The viable cell count was based on the staining and the viability was calculated.
For apoptosis analysis, all floating and adherent cells were collected at 1 dpt and resuspended in 2 ml culture medium for caspase-3 and -7 activity assay using CaspaseGlo 3/7 Assay kit (Promega). The cell suspension (100 l) was seeded to 96-well plates and 100 l Caspase-Glo solution was added to each well and incubated at room temperature for 30 min. The relative luminescence unit (RLU) of each sample was measured by the SpectraMax M2 microplate reader (Molecular Devices). 
Evaluation of BV
Statistical analysis
All data were representative of at least 3 independent culture experiments. All quantitative data were analyzed using student's t-test and are expressed as means±standard deviations (SD). P < 0.05 was considered significant.
RESULTS
Involvement of miR-196a in HCC tumorigenicity
It was recently reported that miR-196a polymorphism is associated with HCC cancer risk (38) and recurrence (39) . Therefore, we reasoned that miR-196a might be highly expressed in HCC cells and may serve as a novel target for sensing HCC cells. To assess this hypothesis, we first examined the miR-196a expression in several HCC cell lines and human liver tissue by RT-qPCR and normalized the data to that in human hepatocyte. Figure 1A depicts that miR-196a expression was aberrantly high in some tumorigenic HCC cells (e.g. PLC and Huh-7), but was low in the liver tissue and in the less tumorigenic HCC cell HepG2 (40) .
To confirm the roles of miR-196a by modulating miR196a levels, we constructed 3 recombinant BVs ( Figure 1B ): Bac-Scramble and Bac-s196 expressed 10 tandem repeats of scramble and miR-196a sponges (decoy targets of miRNA), respectively, while Bac-m196 expressed eight copies of miR196a. The cells expressing low (HepG2) or high (PLC and Huh-7) miR-196a levels were separately transduced with the 3 recombinant BVs and analyzed by RT-qPCR ( Figure  1C -E). In comparison with the mock-transduction control, Bac-Scramble barely disturbed miR-196a levels in all three cell types; Bac-m196 significantly enhanced miR-196a levels in HepG2 ( Figure 1C ) while Bac-s196 effectively knocked down miR-196a levels in PLC and Huh-7 ( Figure 1D and E).
Sphere formation is an indicator of tumorigenicity (41) . Both PLC and Huh-7 cells are highly tumorigenic and readily formed spheres whereas poorly tumorigenic HepG2 did not (Supplementary Figure S1) , thus we chose PLC and Huh-7 cells to evaluate whether miR-196a knockdown suppressed sphere formation. Compared with Mock transduction, Bac-s196 transduction significantly (P < 0.05) suppressed the sphere formation of PLC and Huh-7 cells (Figure 1F -G and Supplementary Figure S1 ), confirming the correlation between miR-196a and tumorigenicity of PLC and Huh-7 cells. Bac-m196 transduction did not enhance the sphere formation ( Figure 1F and G and Supplementary Figure S1 ) probably because miR-196a levels were sufficiently high such that Bac-m196 did not elevate miR-196a levels in PLC ( Figure 1D ) and Huh-7 ( Figure 1E ). Since PLC is a clinically relevant, tumorigenic HCC cell (42) , expressed the highest level of miR-196a (≈166-fold versus hepatocyte, Figure 1A ) and Bac-s196 transduction mitigated PLC's ability to promote tubule formation (Supplementary Figure S2 ), an indicator of angiogenesis essential for tumor progression, we used PLC as the model HCC cell in subsequent experiments.
Identification of miRNAs suitable for distinguishing HCC and normal cells
To classify HCC and normal cells, we screened more miRNAs that are specifically expressed in PLC (defined as 'OncoMiR') and in normal cells (defined as 'NormalMiR') by comparing miRNA expression profiles in PLC with those in human umbilical vascular endothelial cells (HUVEC), human hepatocytes and human liver tissue. MiRNA array analysis (Table 1) verified the high expression of miR-196a in PLC which was ≈7.8-fold that in HUVEC and >60-fold that in hepatocytes and in liver tissue. Table 1 also reveals a panel of miRNAs (e.g. miR-126, miR-134, miR-155 and miR-218) that was barely expressed in PLC. Such expression signature was further verified by RT-qPCR ( Figure  2A ), which showed that the expression levels of miR-126, miR-134, miR-155 and miR-218 in PLC were at least 10-1000 fold lower than those in HUVEC, human hepatocytes and liver tissue. Moreover, the miR-196a expression level in PLC was significantly higher (P < 0.05) than those in HUVEC (≈0.352-fold), hepatocyte (≈0.006-fold) and liver tissue (≈0.002-fold).
Nude mouse is the potential xenograft tumor model for implantation of human PLC cells, thus we also analyzed the expression of miR-196a, miR-126 and miR-218 in nude mice livers. miR-134 and miR-155 levels were not analyzed due to difference in human and mouse sequences. The RTqPCR analysis showed that in the livers of three nude mice The miRNA profiles were measured using the Cancer MicroRNA qPCR Array Kit. The expression level of each miRNA in PLC cells was normalized to those in normal (HUVEC, hepatocyte, liver tissue) cells. miRNAs that were poorly expressed in PLC cells are shown in italics and blue (NormalMiR). miRNAs that were highly expressed in PLC cells are bolded and shown in purple (OncoMiR).
miR-196a levels were tremendously lower ( Figure 2B ) while miR-126 levels were significantly higher (near 100-fold, Figure 2C ) than those in PLC. miR-218 was also expressed in nude mice livers ( Figure 2D ) but to a lesser extent than miR-126. These human and mouse data consistently proved that miR-196a expression was tremendously higher in PLC than in normal (HUVEC and liver) cells while miR-126 expression was remarkably higher in normal cells. Furthermore, transduction of PLC with recombinant BVs modulating miR-196a (Bac-m196 and Bac-s196) barely disturbed the miR-126 expression ( Figure 2E ). As such, miR-196a was selected as the 'OncoMiR' while miR-126 was chosen as the 'NormalMiR'. Besides, hepatocytes are difficult to culture, thus HUVEC was chosen as the model normal cells.
Development of synthetic switch-based BV for selective transgene expression in HCC cells
To build a genetic device comprising both L7Ae:K-turn and OncoMiR/NormalMiR switch, we first constructed two plasmids, one co-expressing L7Ae and the reporter EYFP (enhanced yellow fluorescent protein) linked by a ribosome skipping P2A sequence while the other expressing the transgene EBFP (enhanced blue fluorescent protein) with two repeats of K-turn motifs at the 5 UTR. Single transfection of HEK293 cells with each plasmid resulted in similar efficiency of EYFP and EBFP expression ( Supplementary Figure S3) . After co-transfection, EYFP expression remained robust but EBFP expression was markedly attenuated (Supplementary Figure S3 ), confirming the in trans inhibition of EBFP expression by L7Ae:K-turn.
We next incorporated these two expression cassettes into a single recombinant BV LKE (Figure 3A) , in which the first module co-expressed L7Ae and EYFP under the transcriptional control of CMV promoter while the second cassette expressed CMV-driven EBFP gene with K-turn motifs at the 5 UTR. Here, EYFP served as the reporter to evaluate transduction efficiency while EBFP served as the reporter representing the transgene of interest. We envisioned that LKE transduction confers L7Ae and EYFP co-expression, yet EBFP expression would be repressed due to L7Ae binding to the K-turn motif. Exploiting the OncoMiR/NormalMiR as the ON/OFF switch, we added into LKE vector additional four tandem copies of miR196a and miR-126 binding sites at the 3 UTR of EYFP and EBFP genes, respectively, and built another recombinant BV CirCE ( Figure 3A) . CirCE transduction of PLC cells (high miR-196a, low miR-126) would turn ON EBFP expression due to the negligible miR-126 levels and high miR- 196a levels that could turn OFF L7Ae translation ( Figure  3B ). In contrast, CirCE transduction of normal cells (low miR-196a, high miR-126) would turn ON L7Ae/EYFP expression due to the lack of miR-196a-mediated inhibition and turn OFF EBFP due to the miR-126 and L7Ae binding to the EBFP mRNA ( Figure 3B) .
To validate the vector design, we transduced HUVEC and PLC cells separately and examined the reporter gene expression by fluorescence microscopy ( Figure 4A ) and flow cytometry ( Figure 4B-E) . LKE transduction gave rise to EYFP expression in ≈76.7% of PLC and ≈81.3% of HU-VEC cells ( Figure 4B ) with high mean EYFP intensities (≈5.4 × 10 5 a.u. for PLC and ≈1.2 × 10 6 a.u. for HU-VEC, Figure 4C ), indicating effective transduction. However, LKE conferred EBFP expression in only ≈20.5% of PLC cells and ≈33.7% of HUVEC cells ( Figure 4D ) and the resultant mean EBFP intensities (≈8.9 × 10 3 a.u for PLC and ≈1.7 × 10 4 a.u. for HUVEC, Figure 4E ) were significantly lower than corresponding EYFP intensities ( Figure  4C ), attesting that BV-carried L7Ae:K-turn effectively suppressed EBFP expression in PLC and HUVEC cells. With additional miR-126 binding sites at the 3 UTR of EBFP, CirCE still conferred EBFP expression in ≈25.4% PLC cells with a mean intensity of 1.2 × 10 4 a.u., but gave rise to low EBFP expression in only ≈3.5% of HUVEC cells with a mean EBFP intensity of ≈2.0 × 10 3 a.u. (Figure 4D and E), proving that miR-126 in concert with L7Ae/K-turn enabled EBFP expression in PLC cells but efficiently turned OFF EBFP expression in normal cells. These data demonstrated that the synthetic switch-based CirCE was able to distinguish HCC and normal cells by selectively expressing transgene of interest in HCC cells.
Of note, CirCE transduction still conferred robust EYFP expression in ≈73.7% of PLC cells ( Figure 4B ) with a mean intensity of 4.3 × 10 5 a.u. (Figure 4C ), which prompted us to suspect whether the miR-196a binding site in CirCE functioned properly in the miR-196a-rich PLC cells to inhibit L7Ae/EYFP expression. To evaluate this hypothesis, the L7Ae ( Figure 4F ) and miR-196a ( Figure 4G ) levels in transduced PLC cells were examined by RT-qPCR. When compared with the LKE transduction control, CirCE reduced ≈28% L7Ae level in PLC cells. Meanwhile, CirCE reduced ≈60% miR-196a levels as opposed to Mock transduction. Therefore, the miR-196a binding sites in CirCE indeed recruited miR-196a binding to the L7Ae-EYFP mRNA transcript to reduce L7Ae and miR-196a levels in PLC cells, although the degree of inhibition was suboptimal.
Synthetic-switch-based BV specifically killed HCC cells
To evaluate whether the synthetic switch-based BV was able to selectively kill HCC cells, we constructed a new recombinant BV CirCB which was similar to CirCE except that apoptosis-inducing gene hBax (13) Figure 5C ) and viability to 54% ( Figure 5D ). Since hBax is known to induce apoptosis through caspase 3 pathway, we further analyzed the apoptosis by luminescence-based Caspase 3,7 assay ( Figure 5E ). As shown, CirCB transduction of PLC cells elicited significantly more evident (P < 0.05) apoptosis than Mock transduction, but CirCB merely triggered a low degree of apoptosis in HUVEC cells. Figure 5 confirms that CirCB selectively induced apoptosis and death in HCC cells but provoked low cytotoxicity in normal cells.
Selective transgene expression and killing in HCC cells in coculture
To further evaluate whether the synthetic device was able to classify HCC cells in a population of different cells, we cocultured HUVEC and PLC cells at a seeding density ratio of 1:1 in 6-well plates and transduced the cells with LKE or CirCE. Since HUVEC cells are CD31 + /EGFR − while PLC cells are CD31
− /EGFR + (Supplementary Figure S4) , we immunolabeled the co-cultured cells with anti-CD31 antibody to reveal CD31 + HUVEC cells and detected EBFP expression by a fluorescence microscope ( Figure 6A ). In the LKE-transduced HUVEC/PLC co-culture, EBFP expression was observed in CD31 − PLC (blue) cells and CD31 + HUVEC (purple) cells. In the CirCE-transduced co-culture, EBFP expression was observed in the CD31 − PLC (blue) cells and was barely observed in CD31+ HUVEC (orange) cells.
To quantify the selective expression, the co-cultured cells were similarly transduced and subjected to immunolabeling with anti-EGFR and anti-CD31 antibodies, followed by flow cytometry analysis. Figure 6B confirmed that the immunofluorescence double labeling/flow cytometry was able to discriminate the co-cultured CD31 − /EGFR + PLC and CD31 + /EGFR − HUVEC cells. Thus we further analyzed the EBFP expression in these PLC and HUVEC cell populations. Figure 6C shows that CirCE led to an EBFP expression profile similar to LKE in EGFR + /CD31 − PLC cells. In CD31
+ /EGFR − HUVEC cells ( Figure 6D ), however, CirCE gave rise to evidently lower EBFP expression than LKE. These data indicated that CirCE conferred transgene (EBFP) expression more preferentially in PLC cells than in HUVEC cells in the mixed cell population.
To verify the selective killing, PLC and HUVEC cells were co-cultured by seeding at a 1:1 ratio, mock-transduced or transduced with CirCB, and immunolabeled with anti-EGFR antibody. Flow cytometry analysis of the mixed cell population ( Figure 6E) Figure 6 collectively demonstrates that the switch-based recombinant BV favorably conferred transgene (i.e. EBFP or hBax) expression and induced cell death in PLC cells within the mixed cell population.
DISCUSSION
The overriding objective of this study is to improve the safety profile of recombinant BV for clinical HCC cancer therapy, by incorporating a synthetic regulatory device comprising miRNA sensors and L7Ae:K-turn system for translational control of transgene expression in HCC cells. Although miRNA sensors based on distinct miRNA expression signature in different cells have been used for constructing genetic switches/circuits (for review see (20, 24) ), the majority of these studies simply used well-characterized miRNAs, rather than discovered new miRNA targets, for device fabrication. (43) . Instead of using known miRNAs, hereby we uncovered miR-196a as an OncoMiR that is highly expressed in HCC cells but is poorly expressed in normal cells, and unveiled miR-126 as a novel NormalMiR that is expressed in normal cells but is barely expressed in HCC cells (Figures 1,  2 and Table 1 ). It has been shown that miR-196a targets a number of genes such as HOX-C8 (44) and HOX-B9 (45) and regulates angiogenesis (46) and PI3K/AKT signaling (47) , which are critical to control cancer progression. miR196a overexpressison is mostly found in cancer cells and is associated with the progression of different cancers including lung cancer (47) , ovarian carcinoma (48), head and neck squamous cell carcinoma (45) and cervical cancer (49 The HCC (PLC) and normal (HUVEC) cells were separately seeded to 6-well plates (3 × 10 5 cells/well) and were mock-transduced or transduced with CirCB. At 1 dpt, the cell morphology was observed under the microscope. All cells were then harvested and stained by trypan blue, followed by viable cell density and viability analyses. The cells were also subjected to luminescence-based Caspase 3,7 assay to quantify apoptosis. Higher relative luminescence units (RLU) indicate higher degrees of apoptosis. The data represent means±SD of triplicated culture experiments.
lates vascular integrity by repressing negative regulators of the VEGF pathway, including the Sprouty-related protein SPRED1 and phosphoinositol-3 kinase regulatory subunit 2 (50). These literature reports justify the section of miR196a as the OncoMiR and miR-126 as the NormalMiR.
The OncoMiR/NormalMiR pair allowed us to engineer a miRNA sensing module coupled with the LA7e:K-turn system for incorporation into the recombinant BV ( Figure  3 ). Although L7Ae:K-turn has been exploited to build regulatory switches and circuits (27) (28) (29) (30) 32, 33) , most previous studies demonstrate the conceptual design in model cancer cell lines (e.g. HeLa) and have yet to apply L7Ae:Kturn system to aggressive tumorigenic cancer cells (e.g. PLC (42) ) and actual medical applications. Furthermore, previous L7Ae:K-turn-based genetic switches/circuits are encoded in plasmid DNA or synthetic RNA and are transfected into living cells by lipid-based reagents or nanoparticles (27, 32, 33) . Despite the promise in controlling cell behaviors in vitro, transfection efficiency of liver cells is typically low (51), which constitutes a barrier for in vivo applications (e.g. liver cancer gene therapy) of these synthetic switches. Although other viral vectors such as lentivirus (52) , adeno-associated viral vectors (53, 54) , adenoviruses (55, 56) , measles viruses (55) and alphaviruses (57) can carry gene switches to control gene expression, these viral vectors typically have limited cloning capacity. For instance, the cloning capacity of commonly used lentivirus and adenoassociated virus is 8 kb and 4.7 kb (58), respectively, which would restrict the size of transgene as well as the complexity and sophistication of the synthetic device.
In contrast, BV is able to transduce numerous cancer cells and stem cells at high efficiencies (35, (59) (60) (61) (62) and the large genome (≈134 kb) of BV allows it to accommodate exogenous gene cassettes of at least 38 kb (63). These attributes render BV an appealing vector to efficiently deliver complex gene switches and circuits. Indeed, the large cloning capac- ity allowed us to incorporate the whole device (≈7.3 kb) into a single BV for cis-acting regulation. Furthermore, the synthetic switch-based BV (CirCE) transduced HCC and HU-VEC cells at efficiencies near 80% ( Figure 4A -C) but was capable of distinguishing HCC and normal cells ( Figure 4D and E), as judged from the significantly higher target transgene (EBFP) expression in PLC ( ≈ 25.4%, mean intensity ≈ 1.2 × 10 4 a.u.) than in HUVEC (≈ 3.5%, mean intensity ≈ 2.0 × 10 3 a.u.). These data confirmed that synthetic switch-regulated EBFP expression was selectively turned ON in HCC cells and OFF in normal cells.
In the current design, however, the magnitude of output (i.e. EBFP expression) was less than satisfactory in HCC cells, probably because the very strong CMV promoter transcribed too many L7Ae transcripts such that miR-196a binding was insufficient to tightly repress L7Ae in HCC cells ( Figure 4F ). This notion is evidenced by the high expression of EYFP in PLC cells ( Figure 4A-C) which was linked to L7Ae by the P2A sequence. The leakiness of L7Ae resulted in binding to K-turn motif on the EBFP mRNA and alleviating the ON response of EBFP. This problem may be tackled by using a weaker promoter (e.g. EF-1␣ or PGK) to drive L7Ae and appending additional OncoMiR (e.g. miR-9-1 identified in Table 1 ) complementary sequences to the 3 UTR to attenuate the L7Ae expression in HCC cells. Different L7Ae variants and modified K-turn motifs may also be used to tailor the binding affinity and hence the degree of inhibition (30) . Alternatively, other RNA binding proteins such as bacteriophage coat protein MS2 (17, 29, 32, 33) , bacillus ribosomal protein S15 (29) , Pumilio and FBF protein (64) and ribosomal protein L1 (65) may also be used in lieu of L7Ae.
Despite the suboptimal ON state of transgene, the switchbased BV still selectively triggered HCC cell apoptosis and death by using hBax as the transgene of interest ( Figure  5) . Importantly, the BV-carried regulatory switch was able to selectively express the transgene and kill HCC cells in the mixed populations of HCC and normal cells ( Figure  6) . These data collectively demonstrate the proof-of concept and implicate the potential of BV to deliver a synthetic switch for selective transgene expression and killing of HCC cells for safer HCC gene therapy. Future studies will be directed towards (i) improving the recombinant BV by removal of the EYFP reporter, (ii) more stringent reduction of L7Ae expression, (iii) use of more potent anti-HCC gene to augment the anticancer effect and (iv) in vivo application of the switch-based recombinant BV for the treatment of orthotopic HCC tumors in the liver.
Aside from HCC therapy, the device we engineered may be modified for the treatment of other cancers and self-restriction of transgene expression. For instance, CRISPR/Cas9 system has been widely utilized for programmable genome editing (66, 67) , but excessive Cas9 expression induces mutation at non-target genomic loci ('offtarget' effect) (68) and triggers immunogenicity in vivo (69) . Our device may be modified by linking Cas9 gene with L7Ae by a P2A sequence and adding a K-turn motif at the 5 UTR of the transcript, so that the expressed L7Ae in turn provides a feedback negative regulation of L7Ae and Cas9 to self-restrict Cas9 expression and minimize the off-target effect.
In conclusion, we uncovered novel miRNA targets that are selectively expressed in HCC and normal cells, engineered a synthetic switch consisting of the miRNA sensor and L7Ae:K-turn actuator and incorporated the switch into recombinant BV. The synthetic switch-based recombinant BV distinguished HCC and normal cells by preferentially expressing the transgene and triggering HCC cell death in separate culture and co-culture. To our best knowledge, this is the first study exploiting the synthetic device-based BV to classify HCC and normal cells for selective induction of HCC cell death. Such design improves the safety profile and implicates the potential of this synthetic switch-based BV for future in vivo HCC gene therapy.
